Aims/hypothesis Arctigenin is a natural compound that had never been previously demonstrated to have a glucoselowering effect. Here it was found to activate AMPactivated protein kinase (AMPK), and the mechanism by which this occurred, as well as the effects on glucose and lipid metabolism were investigated. Methods 2-Deoxyglucose uptake and AMPK phosphorylation were examined in L6 myotubes and isolated skeletal muscle. Gluconeogenesis and lipid synthesis were evaluated in rat primary hepatocytes. The acute and chronic effects of arctigenin on metabolic abnormalities were observed in C57BL/6J and ob/ob mice. Changes in mitochondrial membrane potential were measured using the J-aggregate-forming dye, JC-1. Analysis of respiration of L6 myotubes or isolated mitochondria was conducted in a channel oxygen system. Results Arctigenin increased AMPK phosphorylation and stimulated glucose uptake in L6 myotubes and isolated skeletal muscles. In primary hepatocytes, it decreased gluconeogenesis and lipid synthesis. The enhancement of glucose uptake and suppression of hepatic gluconeogenesis and lipid synthesis by arctigenin were prevented by blockade of AMPK activation. The respiration of L6 myotubes or isolated mitochondria was inhibited by arctigenin with a specific effect on respiratory complex I. A single oral dose of arctigenin reduced gluconeogenesis in C57BL/6J mice. Chronic oral administration of arctigenin lowered blood glucose and improved lipid metabolism in ob/ob mice. Conclusions/interpretation This study demonstrates a new role for arctigenin as a potent indirect activator of AMPK via inhibition of respiratory complex I, with beneficial effects on metabolic disorders in ob/ob mice. This highlights the potential value of arctigenin as a possible treatment of type 2 diabetes.
siRNA Small interfering RNA UPR Unfolded protein response
Introduction
Type 2 diabetes is characterised by abnormal glucose and lipid metabolism due to insulin resistance and impaired insulin secretion. Skeletal muscle is the primary tissue in glucose homeostasis, accounting for approximately 80% of wholebody glucose disposal under insulin-stimulated conditions [1] . Glucose transport is the first rate-limiting step in glucose metabolism. Reduced glucose transport in skeletal muscle leads to impaired whole-body glucose uptake and contributes to the pathogenesis of type 2 diabetes mellitus [2] [3] [4] . Glucose transport in skeletal muscle can be activated by two separate pathways (insulin-dependent and insulinindependent). In type 2 diabetic patients, insulin-mediated glucose transport in skeletal muscle is impaired due to defects in insulin signalling pathways [5] . Thus, therapies that target insulin-independent pathways in the regulation of glucose transport are likely to be more beneficial in the treatment of type 2 diabetes mellitus. Several factors, such as muscle contraction (exercise), hypoxia and cellular stress have been demonstrated to increase glucose transport independently of insulin in skeletal muscle, effects to which the activation of AMP-activated protein kinase (AMPK) has been suggested to contribute [6] [7] [8] . Moreover, it has been shown that activation of AMPK by known AMPK activators restored glucose transport in skeletal muscle from patients with type 2 diabetes mellitus, while insulin-induced glucose transport was impaired [9] . As such, activation of AMPK in skeletal muscle could be an attractive way to increase glucose transport independently of insulin, thus bypassing the defective insulin signalling in type 2 diabetic patients.
AMPK is a heterotrimeric protein composed of a catalytic α subunit and regulatory β and γ subunits. It is activated in response to an increase of the intracellular AMP/ATP ratio due to several stimuli, e.g. hypoxia, glucose deprivation or the action of various hormones, cytokines and adipokines. AMPK thus acts as an efficient sensor of cellular energy states and plays an important role in the regulation of whole-body energy homeostasis [9] . Liver kinase B1 (LKB1) and Ca 2+ /calmodulin-dependent protein kinase kinase (CaMKK) are two distinct upstream kinases that activate AMPK by phosphorylation of Thr172. LKB1 is activated by an increase of the AMP/ATP ratio, while CaMKK is activated by an increase in intracellular Ca 2+ [10, 11] . Once activated, AMPK leads to a concomitant activation of energy-producing processes (e.g. fatty acid oxidation and glucose uptake) and inhibition of energy-consuming biosynthetic processes (e.g. fatty acid and sterol synthesis) to restore energy balance [12] . Genetic and pharmacological studies have demonstrated that AMPK controls whole-body glucose homeostasis by regulating metabolism in various peripheral tissues, such as skeletal muscle, liver and adipose tissues [13] . Metformin, one of the most commonly used drugs for the treatment of type 2 diabetes, has been demonstrated to exert pleiotropic beneficial effects by activation of AMPK [14] , suggesting that AMPK could be a very attractive drug target for the treatment of type 2 diabetes.
Recently, several small molecules have been reported to activate AMPK. Direct activators of AMPK, such as the thienopyridone family, act without increasing cellular AMP/ATP ratios [15] , while various pharmacological agents have been reported to activate AMPK indirectly by modes of action that have not been fully delineated. Natural products have played a significant role in new drug discovery and development processes [16] , with some reported to possess glucose-lowering effects [17, 18] . Moreover, natural products such as alkaloids, bitter melon extracts and epigallocatechin-3-gallate (EGCG) have been found to activate AMPK and improve metabolic disease [17, 19] . However, most of these agents displayed inadequate efficacy in vivo, leading to the demand to develop more effective AMPK activators.
Given the importance of skeletal muscle's capacity for glucose transport for whole-body glucose homeostasis and that glucose transport could be induced by activation of AMPK, we conducted a primary screening of our natural products library for 2-deoxyglucose uptake in L6 myotubes, followed by a secondary screening based on the evaluation of AMPK phosphorylation. During these screenings, arctigenin, a natural compound that had never been previously shown to have a glucoselowering effect, was found to increase glucose uptake and AMPK phosphorylation in L6 myotubes. In the present study, the mechanisms involved in the activation of AMPK by arctigenin were explored, and the effects of arctigenin on glucose and lipid metabolism investigated in vitro and in vivo.
Methods

Animals
C57BL/6J male mice and Sprague-Dawley male rats were purchased from SLAC Laboratory Animals (Shanghai, China). B6.V-Lep ob /Lep ob mice (Jackson Laboratory, Bar Harbor, ME, USA) were bred at the Shanghai Institute of Materia Medica (Chinese Academy of Sciences, Shanghai, People's Republic of China). The animals were maintained under a 12 h light-dark cycle with free access to water and food. Animal experiments were approved by the Animal Care and Use Committee, Shanghai Institute of Materia Medica.
2-Deoxyglucose uptake, GLUT4 translocation and protein phosphorylation in L6 myotubes L6 myoblasts were differentiated to myotubes and treated with or without arctigenin, followed by 2-deoxyglucose uptake measurement and analysis of GLUT4 translocation or protein phosphorylation by western blot (electronic supplementary material [ESM] Methods).
2-Deoxyglucose uptake and protein phosphorylation in isolated muscle
Soleus and extensor digitorum longus (EDL) muscles were isolated for analysis of 2-deoxyglucose uptake and protein phosphorylation (see ESM Methods).
Gluconeogenesis, lipid synthesis and protein phosphorylation in primary cultured rat hepatocytes Rat hepatocytes were isolated by collagenase digestion from rats that had been fasted for 24 h (gluconeogenesis analysis) or from fed rats (protein phosphorylation or lipid synthesis analysis). Gluconeogenesis, fatty acid and sterol synthesis, and protein phosphorylation were measured as described in ESM Methods.
Transfection of small interfering RNA L6 myotubes were transfected with small interfering RNA (siRNA) using siLentFect lipid (catalogue number 170-3360; Bio-Rad Laboratories, Hercules, CA, USA) as described in ESM Methods.
Western blot analysis
Protein preparation and western blot analysis were performed as described in ESM Methods.
Acute arctigenin administration in normal mice
The effects of acute administration of arctigenin on gluconeogenesis and AMPKα phosphorylation were observed in male C57BL/6J mice (see ESM Methods).
AMPK acitivity assay AMPK activity was measured by monitoring phosphorylation of the AMARA peptide substrate (see ESM Methods).
Hela cells culture
Full details are provided in ESM Methods.
Mitochondrial membrane potential assay
This assay was performed according to a previous report [20] , with modifications (see ESM Methods).
Adenine nucleotide extraction and measurement Adenine nucleotides were extracted from L6 myotubes and measured by HPLC as described in ESM Methods.
Measurement of respiration in L6 myotubes and isolated mitochondria
Liver mitochondria were prepared from Sprague-Dawley male rats. Isolated liver was finely chopped, homogenised (Polytron Homogeniser; Kinematica, Lucerne, Switzerland) and centrifuged (300 g) as described in a previous report [21] . Mitochondria were resuspended in respiration medium at a concentration of 60 mg/ml. Respiration measurements in L6 myotubes and isolated mitochondria were performed in a 782 2-channel oxygen system (Strathkelvin Instruments, Motherwell, UK) (see ESM Methods).
Determination of lactate content L6 myotubes were cultured in a 24 well plate and treated for 1 or 4 h with 3 μmol/l arctigenin or 50 μmol/l rosiglitazone (positive control) in FBS-free DMEM. Lactate in the medium was measured with a lactate assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, People's Republic of China).
Arctigenin treatment in ob/ob mice Study 1 Female ob/ob mice (6-7 weeks old) were assigned to three groups (n=8) based on blood glucose and body weight, and subjected to gavage treatment with vehicle (0.5% carboxymethyl cellulose, wt/vol.), 200 mg/kg arctigenin or 250 mg/kg metformin, respectively, for 23 days. The effects of arctigenin on metabolic disorders of ob/ob mice were investigated. HOMA-IR was calculated (see ESM Methods).
Study 2 Female ob/ob mice (6-7 weeks) were assigned to two groups (n=18) based on blood glucose and body weight, and subjected to twice daily intraperitoneal injection of 25 mg/kg arctigenin or vehicle (0.5% Tween 80, vol./vol.) for 22 days. AKT phosphorylation in skeletal muscle, liver and fat isolated from arctigenin-treated or vehicle-treated (control) mice was evaluated under basal and insulin-stimulated conditions (see ESM Methods).
RNA isolation and real-time PCR
Gene expression was analysed by real-time PCR as described in ESM Methods. For details on primer sequences, see ESM Table 1 .
Statistical analysis
Results are expressed as mean±SEM. The statistical analysis was performed with a two-tailed unpaired t test. Values of p<0.05 were considered to be statistically significant.
Results
Arctigenin increases glucose uptake and AMPK phosphorylation in L6 myotubes
To identify new glucose-lowering lead compounds from natural products, we screened our phytocompounds collection for 2-deoxyglucose uptake in L6 myotubes. Arctigenin, a natural product (Fig. 1a) , was found to increase glucose uptake under basal and insulin-stimulated conditions. Incubation of L6 myotubes with 1 μmol/l arctigenin resulted in a 1.49-fold increase in glucose uptake, which is comparable with the effect of 100 nmol/l insulin (Fig. 1b) . Arctigenin increased basal glucose uptake in a dose-and time-dependent manner. Glucose uptake increased to 1.83-fold of control after treatment with 3 μmol/l arctigenin for 2 h, whereas the same dose of berberine only caused a 1.49-fold enhancement (Fig. 1c, d ). Moreover, arctigenin treatment increased GLUT4 protein levels in the plasma membrane, whereas no change of total GLUT4 abundance was observed, suggesting that arctigenin stimulated GLUT4 translocation in L6 myotubes (Fig. 1e) . Arctigenin dosedependently increased AMPK and acetyl coenzyme A synthetase (ACC) phosphorylation in L6 myotubes (Fig. 1f, g ). Significant increases of AMPK and ACC phosphorylation were observed within 15 min of arctigenin treatment (3 μmol/l) and were maintained for up to 120 min (Fig. 1h, i ).
Arctigenin increases glucose uptake and AMPK phosphorylation in isolated muscles
Measurement of 2-deoxyglucose uptake was performed in isolated EDL and soleus muscles from C57BL/6J mice. Incubation of EDL or soleus muscles with 3 μmol/l arctigenin resulted in an increase of glucose uptake by 31.7% (p=0.1) and 18% (p<0.05), or 42% (p<0.05) and 20.6% (p<0.01) under basal and insulin-stimulated conditions, respectively (Fig. 2a, b) . Arctigenin also dose-dependently increased AMPK and ACC phosphorylation in isolated EDL and soleus muscles ( Fig. 2c-f ).
Arctigenin-stimulated glucose uptake is AMPK-dependent To determine whether arctigenin-stimulated glucose uptake involves either the phosphoinositide-3 kinase (PI3 kinase)/ AKT pathway or activation of AMPK, the effect of the PI3 kinase inhibitor, wortmannin, or the AMPK inhibitor, compound C, on arctigenin-stimulated glucose uptake was observed in L6 myotubes. As shown in Fig. 3a , wortmannin blocked insulin-stimulated glucose uptake, but had no effect on arctigenin stimulation, whereas arctigeninstimulated glucose uptake was fully blocked by compound C. Furthermore, arctigenin-stimulated glucose uptake was completely lost upon Ampkα1 (also known as Prkaa1) and Ampkα2 (also known as Prkaa2) silencing in L6 myotubes ( Fig. 3c, d ). These data indicate that arctigenin-stimulated glucose uptake was mediated by activation of AMPK.
Arctigenin increases AMPK phosphorylation, and inhibits gluconeogenesis and lipid synthesis in primary hepatocytes
Primary rat hepatocytes were incubated for 1 h in the absence or presence of 2.5, 5, 10, 20 or 40 μmol/l arctigenin. AMPK and ACC phosphorylation were increased dosedependently, suggesting that arctigenin activated the AMPK signalling pathway in hepatocytes (Fig. 4a) . Since activation of AMPK is known to regulate glucose and lipid metabolism in liver, the effects of arctigenin on gluconeogenesis and lipid synthesis were evaluated in primary rat hepatocytes. As shown in Fig. 4b-d , glucagoninduced hepatic gluconeogenesis was significantly suppressed by arctigenin treatment in a dose-dependent manner; arctigenin also significantly decreased the insulinstimulated synthesis of fatty acid and sterol. Moreover, the suppression of gluconeogenesis and lipid synthesis by arctigenin was completely blocked by compound C pretreatment ( Fig. 4e-h ), suggesting that arctigenin inhibited hepatic gluconeogenesis and lipid synthesis by activating AMPK.
Arctigenin inhibits gluconeogenesis and increases AMPK phosphorylation in vivo
To assess the effect of arctigenin on gluconeogenesis in vivo, we performed a pyruvate tolerance test, as administration of the gluconeogenic substrate pyruvate increases blood glucose levels by promoting gluconeogenesis in liver.
As shown in Fig. 5a , b, administration of pyruvate significantly enhanced blood glucose levels in control mice, but this effect was attenuated in mice pre-treated with 300 mg/kg arctigenin by gavage, indicating reduced gluconeogenesis. In addition, the phosphorylation of AMPK and ACC in liver isolated from arctigenin-treated mice was significantly increased by 36% and 74%, respectively (Fig. 5c, d ), suggesting that arctigenin activated AMPK in vivo.
Arctigenin activates AMPK indirectly, an action that is not dependent on LKB1, CaMKK or peroxynitrite AMPK enzymatic activity measurement was performed by monitoring phosphorylation of the AMARA peptide. The results showed that arctigenin did not activate AMPK directly (ESM Fig. 1a) . Moreover, arctigenin increased AMPK phosphorylation in Hela cells lacking LKB1 (ESM Fig. 1b, c) . The increased AMPK phosphorylation and glucose uptake induced by arctigenin was also unaffected by the CaMKK inhibitor, STO-609, and by the nitric oxide synthase (NOS) inhibitor, L-NAME (ESM Fig. 1d-g ). These data indicate that arctigenin activated AMPK independently of LKB1, CaMKK, and the peroxynitrite (ONOO − ) or NOS pathways.
Arctigenin reduces mitochondrial respiration by inhibiting respiratory complex I Several studies have linked mitochondrial function with AMPK activation [17, 18, 22, 23] . We observed effects of arctigenin on mitochondrial membrane potential (Δψm). As shown in Fig. 6a , arctigenin depolarised Δψm in a dosedependent manner, but with relatively mild effect (maximum effect lower than 30%). Arctigenin treatment also dose-dependently increased the AMP/ATP ratio in L6 Fig. 1 Arctigenin (ARC-G) increases glucose uptake and AMPK phosphorylation in L6 myotubes. a Chemical structure of arctigenin. b Increased basal and insulin-stimulated (100 nmol/l) glucose uptake in L6 myotubes after 2 h of treatment with 1 μmol/l arctigenin. c Dosedependent increase in glucose uptake by L6 myotubes exposed to arctigenin at the indicated concentrations for 2 h. Berberine (3 μmol/l) was set as a positive control. d Time-dependent stimulation of glucose uptake by 3 μmol/l arctigenin. e GLUT4 translocation in L6 myotubes treated by arctigenin or insulin for 2 h. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PM, plasma membrane. f Dose-dependent increase in AMPK and ACC phosphorylation (p-AMPK, p-ACC) in L6 myotubes by 2 h treatment with arctigenin at the indicated concentrations, quantified (g) as relative optical density. White bars, p-AMPKα/AMPKα; black bars, p-ACC/GAPDH. h Time-dependent stimulation of AMPK and ACC phosphorylation by 3 μmol/l arctigenin, quantified (i) as relative optical density. Key as above (g). Results are shown as means±SEM from three independent experiments; *p<0.05 and **p<0.01 vs corresponding controls (as indicated) myotubes (Fig. 6b) . To determine whether the change in nucleotide ratio was due to an effect on cellular respiration, we examined oxygen consumption in L6 myotubes and observed a dose-dependent inhibition of respiration (Fig. 6d) . Furthermore, the effects of arctigenin on ADPstimulated respiration in the presence of complex I (glutamate + malate) or complex II (succinate) substrates were examined in isolated liver mitochondria. Arctigenin produced a dose-dependent inhibition of oxygen consumption with complex I-linked substrate, but not with complex IIlinked respiration (Fig. 6e) . In addition, arctigenin increased lactate production in L6 myotubes, as the reduction of aerobic respiration may lead to compensated elevation of anaerobic respiration (Fig. 6f) .
Arctigenin ameliorates metabolic disorders in ob/ob mice The acute and chronic glucose-lowering potential of arctigenin (200 mg/kg, orally) was evaluated in ob/ob mice, with metformin (250 mg/kg, orally) included as positive control. A single administration of arctigenin resulted in a statistically significant decrease of blood glucose levels by 34.2% after 2 h, although this effect was less pronounced than that of metformin (decrease 62.3%) (Fig. 7a) . Chronic administration of arctigenin for 23 days significantly decreased random and fasting blood glucose levels. During the whole treatment period, administration of 200 mg/kg arctigenin reduced random and fasting blood glucose levels, with an average reduction rate of 32.2% and 35.2%; administration of 250 mg/kg metformin caused average reductions of 22.2% and 46.0%, respectively (Fig. 7b, c) . After 20 days of treatment with arctigenin, glucose tolerance improved, an effect similar to that seen with metformin (Fig. 7d) . No changes in body weight were observed during arctigenin or metformin treatment (Table 1) . However, arctigenin treatment caused a significant reduction of subcutaneous, but not of perirenal or mesenteric fat weight by 21% (Table 1) . Arctigenin did not alter serum triacylglycerol, NEFA and adiponectin levels, but did significantly decrease cholesterol levels ( Table 1 ). The fasting serum insulin level in arctigenintreated mice was not significantly changed (Table 1) , whereas the HOMA of insulin resistance (HOMA-IR) tended to be decreased (p=0.08; Table 1 ). Moreover, arctigenin significantly decreased hepatic and muscle triacylglycerol content by 27% and 19.2%, respectively, but had no substantial effect on hepatic cholesterol content (Table 1 ). Chronic i.p. administration of arctigenin for 22 days (25 mg/kg, twice daily) significantly increased insulin-stimulated AKT phosphorylation in gastrocnemius muscle and liver, but not in perirenal fat (Fig. 7e-g ). Arctigenin treatment showed no effect on levels of GLUT4 in gastrocnemius muscle (Fig. 7h) and had no significant effect on hepatic Pepck (also known as Pck1) expression, but it did significantly decrease G6pase (also known as G6pc) mRNA expression (Fig. 7i ).
Discussion
As a natural product derived from Arctium lappa, arctigenin has been demonstrated to induce various biological activities, such as anti-inflammatory and cortical neuronprotecting effects [24] . A recent study showed that arctigenin served as an anti-tumour agent by blocking the expression of unfolded protein response (UPR) target genes [25] . Although UPR has been reported to be involved in the pathophysiology of insulin resistance and diabetes [26] [27] [28] , our preliminary work showed that arctigenin had no effects on UPR or the Jun N-terminal kinase (JNK) pathway in liver of ob/ob mice (ESM Fig. 2 ). In the present study, we found that arctigenin activated AMPK by inhibiting mitochondria complex I. We also showed that arctigenin modulates glucose and lipid metabolism in skeletal muscle and liver, and can ameliorate metabolic disorders in ob/ob mice. Glucose transport in skeletal muscle is the major component of whole-body glucose uptake and plays a key role in maintaining whole-body glucose homeostasis [2] . Here, a screening of our natural compounds library led to an astonishing discovery, namely that arctigenin significantly stimulated glucose uptake in L6 myotubes, an effect observed to occur in addition to the increased glucose uptake induced by insulin. Since AMPK activation is implicated as an insulin-independent mechanism in stimulation of glucose uptake in skeletal muscle [29] , we assessed the effect of arctigenin on AMPK phosphorylation in L6 myotubes. As expected, AMPK phosphorylation was significantly enhanced by arctigenin treatment, a finding that was associated with increased phosphorylation of ACC, a downstream target of AMPK [30] , suggesting that activation of AMPK had occurred. In agreement with our studies in L6 myotubes, arctigenin also stimulated glucose uptake, and increased AMPK and ACC phosphorylation in isolated mouse soleus and EDL muscle, providing further evidence of activation of AMPK by arctigenin treatment in skeletal muscle. To investigate the role of AMPK activation in mediating arctigenin-stimulated glucose uptake, inhibitor and siRNA studies were performed in L6 myotubes. Compound C, an AMPK inhibitor, fully blocked arctigenin-stimulated glucose uptake, whereas wortmannin, a PI3 kinase inhibitor, showed no effect. Furthermore, arctigenin-stimulated glucose uptake was completely lost upon silencing of Ampkα1/α2. Thus, arctigenin-stimulated 20 μmol/l arctigenin for 20 h, followed by the measurement of glucagon-stimulated (10 nmol/l) gluconeogenesis. f Rat primary hepatocytes were preincubated as above (e) and then treated with 20 μmol/l arctigenin for 24 h, followed by the measurement of insulin-stimulated (10 nmol/l) fatty acid and (g) sterol synthesis. e-g White bars, without compound C; black bars, with compound C. h Compound C (20 μmol/l) treatment inhibited the ACC phosphorylation induced by arctigenin in rat primary hepatocytes. Values (b-g) are means±SEM from three independent experiments; *p<0.05 and **p< 0.01 vs corresponding controls (as indicated); † p <0.05 and † † p <0.01 vs '0' group glucose uptake in skeletal muscle was mediated by activation of AMPK, which is similar to the effect of metformin and 5-amino-imidazole carboxamide ribonucleotide (AICAR) [9, 14] . Liver is the major site for storage and release of carbohydrates, and for fatty acid synthesis. Hepatic metabolism plays a key role in the regulation of whole-body energy homeostasis. Elevated hepatic glucose production is a major cause of fasting hyperglycaemia in type 2 diabetic patients [31] , while chronic hyperinsulinaemia in the insulin-resistant state results in increased lipid accumulation in the liver [32] . Activation of AMPK in liver leads to the stimulation of fatty acid oxidation, and inhibition of gluconeogenesis and lipogenesis, thus playing important roles in the regulation of glucose and lipid metabolism [15] . Evidence that the activation of AMPK in liver by metformin was required for metformin to exert its inhibitory effect on hepatocyte glucose production further reinforced the importance of AMPK activation in hepatic metabolism [33] . Since arctigenin has been shown to activate AMPK in skeletal muscle, we further studied its effect on liver. As expected, an increase in AMPK and ACC phosphorylation was observed in primary hepatocytes treated with arctigenin, suggesting that activation of AMPK in liver had occurred. Moreover, arctigenin dosedependently inhibited glucagon-stimulated gluconeogenesis and insulin-stimulated lipid synthesis in rat primary hepatocytes. However, the latter two inhibitory effects of arctigenin were fully abrogated by treatment with com- pound C, demonstrating that AMPK activation was required for arctigenin-mediated effects to take place. In addition, the activation of hepatic AMPK and suppression of gluconeogenesis by arctigenin treatment was also demonstrated in vivo. Although arctigenin activated AMPK in skeletal muscle and liver, it showed no effect on the activation of recombinant AMPK kinase, suggesting that arctigenin activated AMPK indirectly. LKB1 and CaMKK are two upstream kinases of AMPK [34] , and a recent study showed that ONOO − played a critical role in AMPK activation by metformin in liver and that endothelial NOS was required for metformin action in vitro and in vivo [35] . However, our results showed that arctigenin activated AMPK independently of LKB1, CaMKK, and the ONOO − or NOS pathways. Since mild perturbation of mitochondrial function has been shown to be associated with activation of AMPK [36] [37] [38] , the effect of arctigenin on mitochondrial potential was examined. After arctigenin treatment in L6 myotubes, a relatively mild depolarisation of Δψm was observed. Several factors may lead to a fall in Δψm, including inhibition of mitochondrial respiration, induction of proton leakage (uncoupling) [39] or opening of the mitochondrial permeability transition pore. The action of arctigenin was not related to mitochondrial permeability transition pore opening, as no apoptosis was observed after arctigenin treatment (data not shown), whereas mitochondrial permeability transition pore opening was tightly correlated with the initiation of apoptosis [40] . We also ruled out the possibility that arctigenin acts directly as an uncoupling agent, as it did not accelerate the respiration rate in isolated mitochondria, as typical uncoupling agents would do [41] . Thus, decreased Δψm caused by arctigenin is likely to be associated with inhibition of mitochondrial respiration. This hypothesis was further confirmed in L6 myotubes by the dose-dependently inhibited respiration and increase of the AMP/ATP ratio after arctigenin treatment. Moreover, in isolated mitochondria, arctigenin inhibited ADP-stimulated respiration with glutamate and malate as substrates, but had no effect on respiration with succinate as the substrate. This suggests that arctigenin inhibited respiration via a direct effect on mitochondrial respiratory complex I. Therefore, arctigenin activated AMPK by inhibiting mitochondrial respiratory complex I, further leading to an elevated AMP/ ATP ratio. This action shares similar mechanisms with several clinically used glucose-lowering drugs such as rosiglitazone and metformin [38, 42, 43] , highlighting the prospect of arctigenin as a lead compound for the treatment of type 2 diabetes mellitus.
Whole-body glucose homeostasis is maintained by a balance between glucose production and glucose uptake by peripheral tissues. Activation of AMPK increases glucose uptake independently of insulin signalling [44] in skeletal muscle and suppresses hepatic glucose production, thus producing a glucose-lowering effect in type 2 diabetes [15] . In the present study, a single oral administration of arctigenin significantly decreased blood glucose levels after 2 h in ob/ob mice, but this effect was less pronounced than that of metformin. Our study of chronic administration of arctigenin showed that arctigenin significantly reduced random and fasting blood glucose levels in ob/ob mice. Moreover, unlike the weaker effect of arctigenin in the acute study, the glucose-lowering effect of arctigenin (200 mg/kg orally) on random-fed blood glucose was comparable with that of metformin (250 mg/kg), suggesting that arctigenin worked longer than metformin, as the random-fed blood glucose values were measured at 24 h post-dose. The glucose-lowering effect of arctigenin was not due to insulin secretion, since administration of arctigenin to ob/ob mice didn't cause insulin secretion upon glucose loading (ESM Fig. 3) .
In addition to glucose-lowering, lipid metabolism in ob/ob mice was also improved by arctigenin treatment. A significant decrease in serum cholesterol levels was observed in ob/ob mice after 23 days of treatment with arctigenin. The triacylglycerol content in liver was also reduced, consistent with previous reports on AICAR, metformin or A-769662 [15, 33] . This reduced lipid accumulation in liver can be explained by arctigenininduced activation of AMPK, and the subsequent inhibition of hepatic lipogenesis and increase of fatty acid oxidation [45] . In addition, chronic treatment with arctigenin in ob/ob mice resulted in a significant reduction of triacylglycerol content in skeletal muscle, possibly due to the activation of AMPK induced by arctigenin, followed by an increase of fatty acid oxidation in skeletal muscle [46] . Since excess lipid accumulation in muscle and liver is associated with insulin resistance in humans [47] and rodents [48] , the decrease in hepatic and intramuscular lipid content will subsequently improve insulin sensitivity, further improving glucose metabolism. These findings are further supported by the increased insulin-stimulated AKT phosphorylation in gastrocnemius muscle and liver of ob/ob mice after chronic arctigenin treatment. Moreover, hepatic G6pase mRNA was significantly reduced in arctigenin-treated mice, suggesting that the decreased expression of gluconeogenic genes may also contribute to the glucose-lowering effect of arctigenin. Taken together, our results indicate that arctigenin improves overall glucose and lipid metabolism in ob/ob mice, an effect likely to be mediated by the activation of AMPK in liver and skeletal muscle.
In conclusion, our studies demonstrate the beneficial effects of arctigenin as a potent indirect activator of AMPK on the regulation of glucose and lipid homeostasis. Arctigenin caused inhibition of mitochondrial respiratory complex I, thus leading to activation of AMPK and subsequent beneficial metabolic outcomes, such as enhanced glucose uptake in skeletal muscle, and suppression of hepatic gluconeogenesis and lipid synthesis. Administration of arctigenin decreased blood glucose, improved glucose tolerance and dyslipidaemia, decreased triacylglycerol accumulation and increased insulinstimulated AKT phosphorylation in skeletal muscle and liver in ob/ob mice. These results highlight the potential value of arctigenin as a potent lead compound for the treatment of type 2 diabetes.
